A low profile pentagonal shaped monopole antenna is designed and presented for wearable applications. The main objective of this paper is to design a miniaturized ultrawide band monopole planar antenna which can work efficiently in free space but also on the surface of the human body. The impact of human tissues on antenna performance is explained using the proposed pentagonal monopole antenna. The antenna is designed with a pentagonal radiator and a matched feed line of 50 ohm and square slots are integrated on defected ground of FR4 substrate with a size of 15 mm × 25 mm to achieve ultrawide band (UWB) performance in free space and human proximity. This overall design will enhance the antenna performance with wide bandwidth ranging from 2.9 GHz to 11 GHz. Specific absorption rate (SAR) of the proposed antenna on dispersive phantom model is also measured to observe the exposure of electromagnetic energy on human tissues. The simulated and measured results of the proposed antenna exhibit wide bandwidth and radiation characteristics in both free space and human proximity.
Introduction
Body centric communications (BCC), a subpart of Body Area Networks (BAN), is one of its most active and potential research fields. Preeminence of health care and entertainment has made body centric communication an active research topic [1] . The proliferation of body centric communication applications and increase in demand for compact size and higher data rates have lead the researcher to focus on wide band antennas with compact size, low price, high gain, and good radiation characteristics. In the year 2002, Federal Communication Commissions (FCC) declared an ultrawide band spectrum ranging from 3.1 GHz to 10.6 GHz with bandwidth of 7.5 GHz as unlicensed spectrum [2] . This wide band spectrum is a better choice for BCC applications as it provides high data rate with wide bandwidth and low power spectral density of −41.3 dBm/MHz along with the advantage of low interference with existing narrow band devices in UWB spectrum. Various methods and design constraints of the planar UWB antennas and their miniaturizing techniques have been explained in [3] [4] [5] [6] [7] [8] . BCC is broadly classified into three groups: on-body, off-body, and in-body communications [9] . High dielectric constant, lossy, and coupled nature of the human tissues have significant impact on antenna performance, which in turn degrades the antenna characteristics [9] [10] [11] [12] . To design an antenna with UWB performance in presence of human tissue is a highly challenging and difficult task [13] [14] [15] . These antennas must satisfy fundamental requirements like low cost, low profile, and directive radiation pattern. Various UWB antennas are designed and presented for wearable applications in [16] [17] [18] [19] [20] [21] [22] . To protect the human body from electromagnetic exposure, SAR values within acceptable range, and as specified by various regulating bodies like FCC, IEEE, and so forth [23, 24] , must be maintained by wearable antennas.
In this paper, a low profile pentagonal shaped planar monopole antenna is presented with wide bandwidth from 2.9 GHz to 11 GHz. This antenna exhibits good frequency and time domain characteristics appropriate for BCC. This antenna can be easily integrated because of its compact dimensions for wearable applications. In the present study, antenna performance characteristics are investigated (i) in free space and (ii) on three-layered dispersive tissue equivalent phantom model. The proposed pentagonal monopole
Figure 1: Geometry of the antenna: (a) front view and (b) bottom view. (PM) antenna design and simulations are carried out in HFSS and CST commercial electromagnetic software to evaluate frequency and time domain characteristics.
Antenna Design
The proposed PM antenna is designed and presented for UWB wearable applications as shown in Figure 1 [15 mm × 25 mm]. It consists of a pentagonal shaped radiator with 50 ohm feed line and a partially defected ground plane with rectangular slots. In Figure 2 , a fabricated prototype of this antenna, using low cost FR4 substrate with thickness of 1.6 mm, is presented for experimental evaluation purpose. Bandwidth of the proposed antenna depends upon the feed line width, edge of the pentagonal radiator, and partially defected ground with rectangular slots. The width of the feed line " " is adjusted to match the input impedance of 50 ohm SMA connector.
The proposed antenna bandwidth can be increased with variations made in the ground plane and feed structure. The lower limit of the antenna bandwidth can be improved by varying the feed line width and feed gap space. Upper limit of this antenna structure can be improved by inserting the slots in ground plane and inserting a flared edge at the feed line connecting to the pentagonal radiator. In the proposed antenna design, the shape of the patch, feed line with flared edge structure, and partial ground with rectangular slots enhance the bandwidth and inflate radiation pattern normal to the patch surface. The dimensions of the proposed antenna structure are = 25 mm, = 15 mm, = 9.3 mm, = 9.2 mm, = 2.8 mm, = 6.25 mm, = 15 mm, = 4 mm, = 2 mm, = 4 mm, and = 2 mm.
Parametric Analysis of PM Antenna
Parametric analysis of the PM antenna design with various design parameters are simulated using HFSS software. Here, to improve the PM antenna performance, the following parameters are investigated: (i) feed line with flaring structure, (ii) gap between ground plane and radiator, (iii) feed line width, and (iv) effect of edge and center slots inserted in the ground plane. Elaborated analyses of the abovementioned parameters are given below. edge of the frequency spectrum. This is due to the increase in surface current distribution along the patch, which is shown in Figure 3 . This can be clearly observed from Figure 4 , where a clear vision of return loss between antenna with and without flaring is presented. On the other hand, it can also be observed that the effect on the lower edge of the frequency is negligible.
Effect of Flaring

Effect of Feed Gap on Bandwidth.
Feed gap is a crucial parameter, which can be used to reduce the coupling currents between the top edge of ground plane and bottom edge of the patch radiator. This gap has shown a significant change in impedance bandwidth. Bandwidth variation with different feed gaps (0.95 mm, 1.95 mm, 2.95 mm, and 3.95 mm) has been investigated and an optimum value is chosen from the analysis shown in Figure 5 . This analysis shows that gap variation affects both higher and lower frequencies ranging from 2 GHz to 12 GHz. Among these variations, 2.95 mm is selected for providing better and wide impedance bandwidth.
Effect of Feed Line Width ( ).
Variation in the feed line width ( ) is used to match the impedance of patch radiator. Here, the effect of on the lower and upper edge frequencies is assessed and presented in Figure 6 . From this figure, it is clear that < 2.8 mm has improved the lower edge frequency while showing negative impact on the upper edge frequency. On the other hand, > 2.8 mm has shown positive effect on upper edge frequencies and negative impact on lower edge frequencies. At = 2.8, the upper and lower edge frequencies lie in the complete UWB frequency range. Hence, the optimum value for the feed line width is considered as = 2.8 mm.
Effect of Ground Plane Slots on Impedance Bandwidth.
In this subsection, clear analyses of the effect of ground plane slot widths and locations are presented. Optimum slot widths and locations are taken from the analysis and are presented here along with the justification.
Edge Slot Width ( ).
The high frequency response has been improved with inclusion of rectangular slots in the ground plane. This has also increased the current distribution around the slots in the ground plane as shown in Figure 3 . By increasing the edge slots width ( ) from 1.5 mm to 3.5 mm with step size of 0.5 mm return loss characteristics are measured and are presented in Figure 7 . From this figure, it can be observed that the highest frequency of operation has improved only when the width of slots is kept below 3 mm. For wider edge slots, that is, 3.5 mm, the advantage is lost. Hence, the optimal value of the edge slot width is considered as = 3 mm.
Center Slot Width ( ).
To further enhance the bandwidth, a center slot has been introduced in the ground plane. It has shown an optimistic performance. With increment in width of the center slot, upper edge of the frequency spectrum has been affected. These effects are presented in Figure 8 , with variation in center slot width from 3 mm to 7 mm. The return loss variations show that the upper edge frequency is increased at = 4 mm and 5 mm and showing negative impact on the other values. Hence, the optimum center slot width is considered as = 4 mm.
Effect of Slots Location.
The impedance bandwidth variations with respect to the location of slots in the ground plane are investigated and presented in Figure 9 . It is clearly observed that, by moving the slots from lower edge of ground plane to top, there is a significant improvement in higher operating frequencies. The optimal value of the slots location to enhance bandwidth is considered as = 4 mm. 
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Results and Discussions
The results of PM antenna over the bandwidth range of 2.9 GHz to 11 GHz are analysed and discussed in this section. The PM antenna exhibits wide impedance matching performance with good radiation characteristics. In order to observe the PM antenna performance in free space as well as on phantom model, various performance characteristics are evaluated and presented below.
Performance Analysis of PM Antenna in Free Space.
The return loss characteristics are measured with the help of programmable network analyser (PNA). The measured reflection coefficient ( 11 ) in Figure 10 shows good agreement with simulated 11 and provides a wide range of impedance bandwidth from 2.9 GHz to 11 GHz.
Time domain analysis of UWB antennas represents the phase linearity and distortion in the received pulses. In UWB pulse transmission, linear phase variation provides low pulse distortion in received signals. The pulse distortion can be analysed with the help of group delay and fidelity factor. Hence, linear phase variation in 21 or constant group delay is required for better transmission in UWB systems. From 
Results Analysis on Dispersive Phantom Model.
Human tissues are lossy and dispersive in nature at higher frequencies. Due to the electromagnetic properties of tissues, antenna characteristics like resonant frequency, bandwidth, and radiation pattern are drastically affected. In the proximity of human body, antenna performance degrades. This is not suitable for the required applications. In general, increase in frequency causes decrease in tissue dielectric constant and increase in conductivity and loss tangent [25] [26] [27] . For wearable applications, antennas need to be designed with characteristics that do not vary a lot in the presence of tissues.
A tissue equivalent phantom model is constructed with three layers (skin, fat, and muscle) in HFSS and CST software as shown in Figure 12 . This phantom model is rectangular shaped with fat, skin, and muscle layers with size of 80 mm × 40 mm and thicknesses of 2 mm, 5 mm, and 30 mm, respectively [27] . Debye equation presented in (1) have a greater impact on microwave signals, permittivity and water content play a major role [25] . In Table 1 , the electrical characteristics of tissue layers are presented for 5 GHz [27] . From this table, it can be observed that the permittivity of skin and muscle layers is high when compared to fat tissue. The water content present in skin and muscle layers is more than that of fat. Hence, skin and muscle layers play a major role in signal absorption.
where " " is complex permittivity, " " is conductivity, " 0 " is free space permittivity, " " is angular frequency, " " is static permittivity, " ∞ " is optical permittivity, and " " is relaxation time.
Return loss characteristics are simulated for the proposed PM antenna in HFSS software for the following considerations: (i) antenna in free space and (ii) antenna placed at a distance of 1 mm and 2 mm above the tissue layer. These results, presented in Figure 13 , show that PM antenna is performing well in the proximity of the human tissues. Figure 14 shows the experimental setup for measuring reflection coefficient on two different scenarios. Return loss characteristics are proposed for PM antenna on human shoulder and hand with 1 mm gap and the corresponding impedance bandwidth observations are presented in Figure 15 . From these observations, the proposed PM antenna shows acceptable performance with wide bandwidth ranging from 2.9 GHz to 11 GHz.
Gain and Radiation Efficiency.
Peak gain variations of the proposed PM antenna are evaluated in CST MW STUDIO as a function of distance from the tissue model and are presented in Figure 16 . In presence of dispersive phantom with small separation (1 mm distance), the maximum gain values are less than the free space gain values due to strong coupling. If the distance is further increased, peak gain values also increase. In some cases peak gain values exceeded the free space gain values due to strong reflections from the phantom model.
In close proximity of human tissues, antennas exhibit very poor radiation efficiencies due to high power absorption in the tissues. Its efficiency increases with increase in separation distance [28] . Similarly the proposed PM antenna radiation efficiency is also affected by separation distance between the antenna and phantom model as shown in Figure 17 . By increasing this separation distance, gain and efficiency also increase.
Radiation patterns for the proposed PM antenna in free space and dispersive tissue model with 1 mm separation are shown in Figure 18 . From these plots, it can be observed that front to back ratio in the presence of phantom tissue is higher when compared to that of the free space pattern. This is due to strong reflection from the flat dispersive phantom tissue layers designed with high dielectric constants [15, 16] . It is also evident from Figure 18 that when in close proximity to human tissues, -plane patterns are affected more than the -plane patterns.
SAR Assessment on Dispersive
Phantom. SAR is used to investigate the electromagnetic energy absorption in human body tissues under reactive near fields. SAR is calculated as
where is density and is conductivity of the corresponding tissue material and | | 2 is the RMS value of induced electric field.
SAR values depend on the antenna distance from the phantom as well as on the tissues dielectric constant [29] . The average 1 g SAR of PM antenna has been investigated with different gaps (1 mm, 5 mm, and 10 mm), on a dispersive phantom model designed with size of 80 mm × 80 mm × 33 mm, being presented in Table 2 . Input power of 1 mW is applied in HFSS software to evaluate the SAR values. It is observed that the distance between the antenna and flat dispersive phantom will have a great influence on the radiation pattern as well as on energy absorbed by the tissues. Among the three tissue layers, skin tissue has absorbed more energy than the other tissues due to its high permittivity. From Table 2 , the obtained maximum average SAR value is (1 g averaging mass) . This is well under the public RF safety exposure limit of 1.6 W/kg, specified by FCC [23] .
Conclusion
A low profile PM antenna is designed and demonstrated for body centric communications. This antenna exhibits good frequency domain and time domain characteristics. The impedance matching characteristics of this antenna in free space and on dispersive phantom model show excellent agreement with measured reflection coefficient on human shoulder and hand in UWB frequency range. This antenna also meets the low SAR value specifications prescribed by FCC. Hence, this antenna can be an excellent choice for wearable and UWB localization applications. 
